The biological application of ruthenium anticancer prodrugs for photodynamic therapy (PDT) and photoactivated chemotherapy (PACT) is restricted by the need to use poorly penetrating high-energy photons for their activation, i.e., typically blue or green light. Upconverting nanoparticles (UCNPs), which produce high-energy light under near-infrared (NIR) excitation, may solve this issue, provided that the coupling between the UCNP surface and the Ru prodrug is optimized to produce stable nanoconjugates with efficient energy transfer from the UCNP to the ruthenium complex. Herein, we report on the synthesis and photochemistry of the two structurally related ruthenium(II) polypyridyl complexes [Ru(bpy) 2 (5)](PF 6 ) 2 ([1](PF 6 ) 2 ) and [Ru(bpy) 2 (6)](PF 6 ) 2 ([2](PF 6 ) 2 ), where bpy = 2,2-bipyridine, 5 is 5,6-bis(dodecyloxy)-2,9-dimethyl-1,10-phenanthroline, and 6 is 5,6-bis(dodecyloxy)-1,10-phenanthroline.
■ INTRODUCTION
In recent years, the use of light in the treatment of cancer has attracted significant attention, as it can be used to trigger the activation of anticancer prodrugs. 1−5 Phototherapy has the potential to improve the selectivity of chemotherapeutic agents, by providing spatial and temporal control over drug activation. Ruthenium(II) polypyridyl complexes are among the compounds that have proven to be especially suitable for use in phototherapy, both in classical photodynamic therapy (PDT), and in photoactivated chemotherapy (PACT), 6−16 whereas PDT relies on the catalytic light-induced generation of reactive oxygen species (ROS) to kill cancer cells, PACT utilizes the oxygen-independent photodissociation of one of the ligands from the ruthenium center, and thus induce cytotoxicity. 17 Interestingly, small changes to the chemical structure of a ruthenium complex can change it from an efficient photosensitizer for PDT into a photolabile complex with potential use in PACT. A well-known example of this switch in the light-mediated activation mechanism is the introduction of sterically demanding substituents to one or more of the ligands, 18−23 which result in increased strain around the octahedral ruthenium center and a strong decrease in the photostability of the complex, coupled to a dramatic lowering of the singlet oxygen generation quantum yield (Φ Δ ).
Unfortunately, most ruthenium polypyridyl complexes require high-energy visible light (400−500 nm) for their photoactivation, which is both harmful to cells 24 and penetrates human tissue poorly. 25 Ideally, one would use light in the "phototherapeutic window" (600−1000 nm) to activate such drugs. This goal can in principle be achieved using upconverting drug delivery systems that generate the desired blue light locally, i.e., inside the tumor, from red or near-infrared light introduced through an external light source, as demonstrated recently by our group using triplet−triplet annihilation upconversion in liposomes. 26 Another very promising option for upconversion-based drug activation strategies is formed by lanthanoid-doped upconverting nanoparticles (UCNPs), especially as they are insensitive to the presence of molecular oxygen, chemically stable, and show no photobleaching or photoblinking. 27 UCNPs typically consist of NaYF 4 nanocrystals doped with Yb 3+ ions and either Tm 3+ or Er 3+ ions, and they are able to produce blue or green light, respectively, under near-infrared (NIR) irradiation at 980 nm, which matches the main absorption peak in Yb 3+ ions. Over the last 2 decades, UCNPs have been used for a wide range of applications, such as photocatalysis, 28−30 drug delivery, 31 phototherapy, 32−37 bio-imaging and biosensing, 38−40 or security. 41 Nonetheless, the successful application of UCNPs in clinical biology will require the solution of several remaining challenges, such as the high excitation power densities currently required. 27,42 A wide range of examples have been described where PDT photosensitizers are activated using NIR light and UCNPs. 43, 44 In most cases, however, green-or red-light-absorbing PDT dyes are employed, e.g., chlorin-e6, zinc phthalocyanine, or rose bengal, combined with the green and red emission of Er-doped UCNPs. 45−47 Although some Tm-doped UCNP-PDT systems have been reported, e.g., using riboflavin or fullerenes as the photosensitizer, 48, 49 to the best of our knowledge, no metal-based PDT photosensitizers have been used in combination with UCNPs. On the other hand, some groups have recently shown that ligand-photodissociation reactions in ruthenium polypyridyl complexes can be triggered by a combination of UCNPs and 980 nm light, thus providing an important proof of concept for UCNP-mediated PACT. 35,50−54 Several strategies have been reported for the conjugation of PDT photosensitizers or PACT prodrugs to the UCNP surface to form a single, water-dispersible drug delivery system. Ideally, we would like to develop a conjugation strategy that is equally suited for use with ruthenium-based PDT and PACT complexes. Embedding the complex into a polymer surface coating, as often done for PDT photosensitizers, can hamper the efficient photorelease of a PACT drug, whereas covalent binding of the complex to the UCNP surface often requires extensive synthetic modifications to the photoactivatable complex. Therefore, the UCNPs were encapsulated in an amphiphilic bilayer, using the already existing oleate layer as the inner leaflet. 55, 56 Besides providing a hydrophilic surface coating and increasing the biocompatibility, phospholipid bilayers have been shown to provide ample opportunities for the decoration of the UCNP surface with photoactivatable payloads. 57−59 Furthermore, the group of Capobianco recently showed that the use of negatively charged 1,2-dioleoyl-snglycero-3-phosphate (DOPA) as the main component of the lipid coating can eliminate the need for the use of bulky PEGylated phospholipids (PEG = poly(ethylene glycol)), which was previously needed to provide colloidal stability, but turned out to be detrimental to the efficient release of a photoactivated payload. 56 The first example of the application of lipid-coated UCNPs for the activation of metal-based PACT prodrugs was provided by Salassa et al., who successfully activated a Pt(IV) complex situated at the end of a PEGylated phospholipid using NIR light and Tm-doped UCNPs. 57 Here, we designed amphiphilic ruthenium complexes that locate directly at the water−lipid interface of the lipid bilayer, no more than 5 nm from the UCNP surface. With such short distances, the likelihood of efficient nonradiative energy transfer, e.g., Forster resonance energy transfer (FRET) from the upconverting thulium donors to the ruthenium acceptor, should be high enough to lead to activation of either a PDT or a PACT ruthenium compound. 60 The ruthenium complexes investigated here were based on the well-known photosensitizer [Ru(bpy) 3 ] 2+ and its photolabile strained PACT analogue [Ru(bpy) 2 (dmbpy)] 2+ , where bpy = 2,2′-bipyridine and dmbpy = 6,6′-dimethyl-2,2′bipyridine. 22, 61 Amphiphilic derivatives of these complexes were designed by the addition of two apolar alkyl tails to the rear of one ligand. Foreseeing that modification of the 1,10phenanthroline (phen) ligand would be synthetically more accessible than that of bpy, we synthesized the amphiphilic ruthenium(II) polypyridyl complexes [Ru(bpy) 2 (5)](PF 6 ) 2 , [1](PF 6 ) 2 and [Ru(bpy) 2 (6)](PF 6 ) 2 , [2](PF 6 ) 2 (Scheme 1), where 5 and 6 are 5,6-dialkylated phen-based ligands. The substitution of the two α-hydrogen atoms of 6 by two methyl groups, renders its ruthenium complex [1] (PF 6 ) 2 sterically strained, lowering its expected photostability, and thus a potential PACT prodrug. On the other hand, the nonstrained complex [2] (PF 6 ) 2 should be a photostable PDT photosensitizer capable of 1 O 2 generation. We report on the synthesis and photochemistry of the complexes [ Supporting Information (SI)). 62 After work-up, the dopant concentration was determined by inductively coupled plasma atomic emission spectroscopy (ICP-OES) (see the SI). The UCNPs were found to be shaped as hexagonal prisms by transmission electron microscopy (TEM), measuring 44 ± 2 nm in diameter ( Figure 1A ,B), and they were of pure hexagonal (β) phase, according to powder X-ray diffraction (XRD, Figure S1 ). Thermogravimetric analysis (TGA, Figure  S2 ) was employed to calculate the extent of the oleate surface coating. Assuming that each oleate ion covers 0.4 nm 2 of the nanoparticle surface, 63 the 6.3% of organic matter found in the UCNP sample corresponds to an oleate surface coverage of roughly two monolayers. Excitation of a toluene dispersion of the synthesized UCNPs with 969 nm light resulted in the blue upconverted emission shown in Figure 2D . The emission spectrum ( Figure 2A ) shows 4f−4f emission bands typical for Tm 3+ -doped UCNPs ( Figure 2B ), with emission bands centered at 451 nm ( 1 D 2 → 3 F 4 ), 475 nm ( 1 G 4 → 3 H 6 ), 510 nm ( 1 D 2 → 3 H 5 ), 648 nm ( 1 G 4 → 3 F 4 ), 698 and 740 nm ( 3 F 2,3 → 3 H 6 ), and 803 nm ( 1 G 4 → 3 H 5 and 3 H 4 → 3 H 6 ). The multiphotonic nature of the upconversion process is obvious from the excitation power dependence of the individual emission lines, shown in Figure  S3 . As the so-called slope factor n is larger than one for all power densities, none of the excited states of the thulium manifold is fully saturated under these conditions. 64, 65 Using an absolute method described by us recently, 66 the upconversion quantum yields (Φ UC ) of the individual emission bands of these UCNPs in toluene dispersion could be determined ( Figures 2C and S4 ). At the maximum excitation power density used here (50 W cm −2 ), the total upconversion quantum yield (Φ UC,total ) was found to be 0.044 ± 0.006. However, 95% of the observed emission under these conditions is emitted in the form of NIR light of around 803 nm (Φ UC,803 = 0.042 ± 0.006). The desired blue emission of the UCNPs, i.e., the light necessary to activate ruthenium complexes [1] (PF 6 ) 2 and [2](PF 6 ) 2 , is more than 1 order of magnitude weaker, with quantum yields for these two emission bands around 451 and 475 nm of 8.5 ± 1.2 × 10 −4 and 1.0 ± 0.1 × 10 −3 , respectively. Quantum yield values for all emission bands are reported in Table S1 .
Synthesis of Ruthenium Complexes. Synthesis of complexes [1] (PF 6 ) 2 and [2](PF 6 ) 2 was performed following a three-step route (Scheme 2). First, commercial 2,9-dimethyl-1,10-phenanthroline and phen were oxidized under relatively mild conditions, as reported by Zheng et al., 67 to yield their respective 5,6-dione derivatives 3 and 4. The diketones 3 and 4 were converted into bis-alkylated ligands 5 and 6, respectively, in a one-pot procedure under basic conditions, involving the reduction of the diketones using sodium thionite, followed by the reaction of the resulting alkoxides with 1-bromododecane.
Coordination of 6 to ruthenium was achieved under reflux in a mixture of ethanol and water, yielding [2] (PF 6 ) 2 after anion exchange in 20% overall yield over three steps. However, the coordination of the sterically demanding ligand 5 to produce [1] (PF 6 ) 2 required the use of solvothermal conditions, i.e., a harsher reaction in ethylene glycol at 200°C, as described earlier for similar strained ruthenium complexes. 22 Complex [1](PF 6 ) 2 was finally obtained in 25% overall yield over three steps. The number of signals observed by 1 H NMR spectroscopy for the phenanthroline-derived ligands of [1] 2+ and [2] 2+ indicated that these complex cations are C 2 symmetric in solution. Elemental analysis confirmed that [1] (PF 6 ) 2 and [2](PF 6 ) 2 were isolated as their bis-hexafluoridophosphate salt. Both complexes were also characterized using high-resolution mass spectrometry and UV−vis absorption spectroscopy (see the Supporting Information).
Photochemistry of [1] (PF 6 ) 2 and [2](PF 6 ) 2 . Since complexes [1] (PF 6 ) 2 and [2](PF 6 ) 2 were found to be poorly soluble in water, most of their photochemistry was studied in a mixture of acetone and water (1:1 v/v). In this solvent mixture, they formed orange solutions, showing a clear 1 MLCT absorption band around 453 nm, independent of the presence of the methyl substituents. The phosphorescence (Φ P ) and singlet oxygen generation quantum yields (Φ Δ ) of [1](PF 6 ) 2 
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Article and [2](PF 6 ) 2 were determined in aerated CD 3 OD solution ( Table 1 and Figure S5 ), whereas [1] (PF 6 ) 2 was found to be only very weakly emissive and produced almost no singlet oxygen, [2] (PF 6 ) 2 was shown to be a very efficient photosensitizer, with a Φ Δ value of 0.73, and a phosphorescence efficiency close to that of [Ru(bpy) 3 ] 2+ (Φ P = 0.015).
Both complexes were found to be stable in acetone/H 2 O solution in the absence of light ( Figure S6A,B ). Furthermore, the absorption spectrum of the unstrained complex [2] (PF 6 ) 2 did not show any changes upon irradiation with a blue lightemitting diode (LED) (λ = 466 nm, Figure S6C ) for 2 h, confirming that this complex is photostable. However, irradiation of a solution of the sterically strained complex [1] (PF 6 ) 2 in acetone/water under the same conditions caused a slow bathochromic shift in the absorption maximum from 453 to 481 nm, accompanied by an isosbestic point at 479 nm ( Figure 3 ). Mass spectrometry, performed after 100 min of irradiation ( Figure S7 ), showed the formation of not two, but The acetonitrile ligands stem from the mass spectrometry eluent, as no acetonitrile was used during irradiation. The detected photoproducts indicate the occurrence of two parallel photoreactions, namely, the expulsion of either ligand 5 (Scheme 3, pathway A) or one of the two bpy ligands (Scheme 3, pathway B). Despite the occurrence of two photoreactions, the UV−vis absorption spectra in Figure 3 share an isosbestic point at 479 nm, most likely caused by a strong similarity between the absorption spectra of cis-[Ru(bpy) 2 
, and the fact that the two photoreactions occur simultaneously. As the changes to the absorbance at 453 nm fitted well to a monoexponential function, the photodegradation of [1] (PF 6 ) 2 was treated as a single-step photochemical reaction, and its apparent photochemical quantum yield (Φ 466 ) was found to be 3.5 × 10 −4 ( Table 1 and Figure S8 ), which is 2 orders of magnitude lower than the reported quantum yields for similar complexes that bear sterically demanding bipyridine-based ligands. 68, 69 In the literature, the expulsion of one of the ancillary ligands, as opposed to the straining ligand, has been noted before for ruthenium polypyridyl complexes. 19, 70 Already in 1999, the group of Sauvage postulated that the rigidity of the bidentate ligands, i.e., the degree of rotational freedom between the two metal-binding nitrogen atoms, may play a vital role in governing these photoreactions. 19 Here, the irradiation of [Ru(bpy) 2 (dpphen)](PF 6 ) 2 (dpphen = 2,9-diphenyl-1,10phenanthroline) in acetonitrile led to the replacement of one 
Article of the bpy ligands rather than the rigid, sterically demanding dpphen ligand. However, the complete loss of selectivity in the photosubstitution reaction seen here for complex [1] (PF 6 ) 2 , where irradiation leads to the unselective expulsion of one of the three bidentate ligands, is rarely reported. 71 A more thorough investigation into the effect of ligand rigidity on the efficiency and selectivity of such photosubstitution reactions is currently being carried out. When connected to a nanoparticle surface, the lack of selectivity in the photosubstitution reaction of [1] (PF 6 ) 2 impedes the efficient photorelease of ruthenium photoproducts, as product [8] (PF 6 ) 2 is likely to remain connected to the UCNP surface. This fact, combined with the very low photochemical quantum yield (Table 1) of [1] (PF 6 ) 2 , precluded its effective use as a nanoparticle-connected PACT prodrug, so no further studies were undertaken to activate [1] (PF 6 ) 2 using UCNPs. On the other hand, the large singlet oxygen generation quantum yield of [2] (PF 6 ) 2 , combined with its excellent photostability, makes it a good candidate for use as a nanoparticle-bound PDT photosensitizer. Thus, we elected to investigate only the use of [2] (PF 6 ) 2 for the decoration of UCNPs.
Synthesis of Lipid-Encapsulated Upconverting Nanoconjugates. As UCNPs are typically obtained with a hydrophobic, oleate surface coating, the introduction of a hydrophilic surface coating is essential for their successful implementation in biological applications. Here, an amphiphilic phospholipid coating is applied to the UCNP surface, forming a supported lipid bilayer that consists of the already present oleate surface coating, and a mixture of DOPA (sodium 1,2-dioleoyl-sn-glycero-3-phosphate), cholesterol, and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) in a ratio of 64:7:29. This mixture was recently shown to be effective for the coating of highly faceted LiYF 4 UCNPs by Capobianco et al. 56 The phosphate group in the negatively charged DOPA lipid allows this lipid to interact strongly with the lanthanoid ions at the UCNP surface, thereby covering any gaps in the pre-existing oleate coating and providing a negative surface potential to the nanoconjugate. The addition of low quantities of the neutral DOPC lipid prevents electrostatic repulsion between the negatively charged DOPA lipids. Finally, cholesterol is added, as it is known to reduce the water permeability of lipid bilayers by enhancing the tightness of the lipid packing. 72 Formation of the lipid-coated UCNPs (UCNP@lipid/ [2] ) was performed by a modification of the previously published protocol (Scheme 4). 56 A mixture of phospholipids, cholesterol, [2] (PF 6 ) 2 , and UCNPs in chloroform was dried to a lipid film. Hydration of this lipid film was performed using a MES/ acetate buffer (MES = 2-(N-morpholino)ethanesulfonic acid, pH = 6.1), yielding a slightly turbid orange dispersion, and followed by extrusion. The use of phosphate buffer was avoided, as phosphate anions are strongly competing UCNP surface ligands, known to be able to cause particle dissolution upon prolonged exposure. 73−75 Incorporation of 5 mol % of [2] (PF 6 ) 2 into the lipid mixture was possible without discernible effects on the dispersibility during the lipid coating procedure. At high concentrations of [2] (PF 6 ) 2 (≥15 mol %), the freshly hydrated lipid film was found to be unstable, and could not be extruded due to precipitation of the nanoparticles. Thus, the ruthenium content of UCNP@lipid/ [2] was kept to 5% of the total molar amount of surfactant added.
After extrusion, the UCNP@lipid/[2] particles were separated by centrifugation from the undesired liposomes that formed as side-products, whereas the UCNP@lipid/ [2] sedimented upon centrifugation at 16 000g, liposomes only settle down upon ultracentrifugation (∼70 000g), and could thus be removed by replacement of the supernatant with fresh buffer after centrifugation. Notably, too extensive washing of the lipid-coated UCNPs leads to the removal of the lipid coating, leaving us to search for an optimal number of washing cycles, whereby we ensured complete removal of the excess lipid and [2] 2+ but preserved the lipid coating on the UCNP surface. To control this process, the lipid coating was visualized Figure 4A) , consistent with the typical thickness of a lipid bilayer in liposomes. 72 After the first washing step, this coating layer remained clearly visible, but most of the liposomes had disappeared ( Figure 4B ). This lipid layer could also clearly be seen using a room-temperature TEM, after the application of uranyl acetate as a negative stain ( Figure S10 ), although the uranyl stain was observed at a larger distance from the UCNP surface (6−14 nm), arguably caused by a remaining excess of lipid. The lighter circular features on these TEM images were identified by us as liposomes, further suggesting the need for a second washing step. After this second washing step, the lipid coating was far less visible on cryo-TEM ( Figure 4C ) and the white line visible around the particles are more reminiscent of the diffraction fringes that can be seen around uncoated particles (e.g., the UCNP@BF 4 shown in Figure S9D ) rather than of lipid coating. However, the remaining presence of the lipid coating was obvious from the strongly negative surface ζpotential (−60 ± 8 mV, Figure S11B) , combined with the clear orange color of the dispersion, even after two washing steps. The UV−vis absorption spectrum of UCNP@lipid/ [2] ( Figure S12 ) confirmed this visual observation by showing a clear absorption band around 450 nm, reminiscent of the spectrum observed for [2] 2+ in acetone/water solution ( Figure  S6B ). This absorption band was not observed for lipid-coated UCNPs without ruthenium addition (UCNP@lipid). These ruthenium-free particles were found to have a similar surface charge (−63 ± 7 mV) to the ruthenium-coated UCNP@lipid/ [2] ( Figure S11B ). Dynamic light scattering (DLS) showed that both UCNP@lipid and UCNP@lipid/ [2] exist in solution as aggregates of several particles, indicated by their hydrodynamic radii of ∼90 and 100 nm, respectively ( Figure S11A ).
All in all, we found that the use of two washing steps was optimal for the purification of the nanoconjugate, and that the addition of 5 mol % of complex [2] 2+ does not significantly affect its size and surface charge, the latter of which is mostly imposed by the negatively charged main lipid component of the bilayer, DOPA. 
Article Figure 5A shows the excellent overlap between the emission of the Tm-doped UCNPs and the absorbance of [2] (PF 6 ) 2 . After the coating of [2] 2+ onto the surface of the UCNPs, a twenty percent reduction in the blue emission of UCNP@ lipid/ [2] is observed when compared to the ruthenium-free UCNP@lipid sample ( Figure 5B ). This reduction suggests that the energy transfer, either radiative or nonradiative in nature, takes place from the UCNP to the ruthenium sensitizer on its surface.
To determine whether the energy transfer from the thulium excited states in the UCNPs to the ruthenium center of [2] 2+ was radiative or nonradiative in nature, the time-resolved emission spectra of UCNP@lipid/ [2] and UCNP@lipid at 794 and 480 nm were measured under excitation at 980 nm. The energy transfer upconversion process in Tm-doped UCNPs involves a plethora of (de)population processes for each of the thulium excited states, 76 the precise intricacies of which are beyond the scope of this work. Thus, we limited ourselves to extracting the apparent decay lifetime from the data, using a monoexponential decay function. As expected, no significant differences in lifetime were observed for the 794 nm emission band ( Figure 6A ), since [2] 2+ did not absorb light at this wavelength, and the lifetimes found were comparable to those reported in the literature. 77 However, the introduction of [2] 2+ did result in a small reduction of the lifetime of the 480 nm emission band ( Figure 6B ), which was attributed to the occurrence of nonradiative Forster resonance energy transfer (FRET) to the ruthenium complex, with a FRET efficiency of 12%.
Regarding the fact that the UCNP emission band at 475 nm has been reduced by 20% upon introduction of the ruthenium complex ( Figure 5B ), we speculate that radiative energy transfer, or reabsorption, could also play a role in the sensitization of acceptor [2] 2+ by the Tm 3+ donor ions. The low FRET efficiency of 12% indicates that there is no efficient nonradiative energy transfer from the UCNP to [2] 2+ , either because the concentration of [2] 2+ on the surface is too low or because the distance between the Tm 3+ donors and the ruthenium acceptor is too large (≥5 nm). With respect to this distance, it is important to note that the strongest blue thulium emission stems from the center of the nanoparticles. This thulium ion is up to 26 nm away from the ruthenium ion, a distance far too great for FRET to take place, and so, energy transfer from the center of the UCNP fully relies on the radiative mechanism. The thulium ions near the surface of the nanoparticle are closer to [2] 2+ and thus theoretically able to perform FRET. However, due to the lipid bilayer coating, the distance is not likely to become less than 4 nm, and the energy transfer to ruthenium is in competition with radiative decay, explaining the relatively low FRET efficiency found.
ROS Generation by UCNP@lipid/ [2] under NIR Irradiation. The direct detection of the generation of singlet oxygen, by its phosphorescence at 1275 nm, is cumbersome in aqueous media as a result of the short lifetime (∼3 μs) of singlet oxygen in water. 78 Thus, the detection of the amount of reactive oxygen species (ROS) generated by UCNP@lipid/ [2] in MES buffer under NIR irradiation was performed by other means, i.e., using a chemical probe. The widely used 2′,7′dichlorodihydrofluorescein (DCFH 2 − ) probe was selected because it is very sensitive to a broad range of reactive oxygen species and well soluble in aqueous media. 79 Under the influence of ROS, the colorless DCFH 2 − is oxidized to 2′,7′dichlorofluorescein (DCF 2− ), a dye with a strong absorbance at 502 nm (Scheme S5), 80 which allows for easy detection during the irradiation experiment by UV−vis absorption spectroscopy.
When UCNP@lipid/ [2] was irradiated with 969 nm light in the presence of DCFH 2 − , a new absorption band emerged around 502 nm ( Figure 7A ), which was attributed to the formation of DCF 2− . Over 2 h of irradiation, the concentration of DCF 2− increased to 5.1 ± 2.5 μM, corresponding to the generation of 5.1 nmol of DCF 2− ( Figure 7B ). Although some formation of DCF 2− was also observed in the absence of the ruthenium complex, i.e., upon irradiation of UCNP@lipid ([DCF 2− ] final = 1.1 ± 0.7 μM), this concentration was not significantly higher than the dark background signal (0.4 ± 0.4 μM). Thus, the activation of photosensitizer [2] 2+ can clearly be achieved using the upconverted blue emission from Tm-doped UCNPs irradiated with NIR light. Subsequently, the amount of ROS generated under NIR irradiation was compared with the amount generated upon direct excitation of the ruthenium photosensitizer using blue light ( Figure 8A ). As expected, irradiation of UCNP@lipid/ [2] with a blue laser resulted in the efficient generation of ROS, as judged by the very swift oxidation of the DCFH 2 − to DCF 2− . Under the conditions used, all the DCFH 2 − in the sample was oxidized within 15 min. However, irradiation of UCNP@lipid with blue light also led to the formation of DCF 2− ( Figure 8A , black squares), albeit less efficiently than with UCNP@lipid/ [2] . This is caused by the blue-light auto-oxidation of DCFH 2 − , indicated by the exponential increase of the DCF 2− concentration. More correctly, the oxidation of DCFH 2 − is oxidized directly by an excited state [DCF 2− ]* molecule, which itself was found to be a reasonably efficient photosensitizer (Φ Δ = 0.08 in D 2 O). 81, 82 All in all, the blue-light sensitivity of DCFH 2 − makes it difficult to compare the efficacy of UCNP@lipid/ [2] under NIR and blue light. (black squares) and UCNP@lipid (red diamonds) under 980 nm excitation. Spectra were fitted using monoexponential decay functions (yellow for UCNP@lipid/ [2] and green for UCNP@lipid) to determine the lifetimes of the Tm 3+ states involved. UCNP composition: NaYF 4 :Yb 3+ ,Tm 3+ (18, 0.3%).
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Besides its blue-light sensitivity, DCFH 2 − is also known to be sensitive to most forms of reactive oxygen species, thus providing us with little information on the type of ROS generated by UCNP@lipid/ [2] . 79 Complex [2] (PF 6 ) 2 had already been shown to be a good singlet oxygen photosensitizer ( Figure S5B ). We therefore used one of the very few water-soluble 1 O 2 -specific probes available, tetrasodium 9,10anthracenediyl-bis(methylene)-dimalonate (Na 4 (ADMBMA)). This anthracene-based dye, absorbing light at around 378 nm, forms an endoperoxide in the presence of 1 O 2 , leading to a loss of conjugation and thus a decrease in its absorbance at 378 nm. In our case, no decrease in the absorbance of the ADMBMA 4− probe could be observed when it was added to UCNP@lipid/ [2] and the mixture was irradiated with NIR light. Although the most straightforward explanation for this observation is that UCNP@lipid/ [2] does not produce 1 O 2 , but another form of ROS, another interpretation of this observation is that the strongly negatively charged ADMBMA 4− probe may be electrostatically repelled by the negative surface charge of the UCNP@lipid/ [2] nanoconjugate, keeping it too far away from the UCNP surface to react with the short-lived singlet oxygen produced there. Although it is also negatively charged, the ability of DCFH 2 − to react with a wide range of ROS allows it to react with the more persistent secondary ROS generated from singlet oxygen, and its oxidation is thus less dependent on its distance from the nanoparticle surface. The cholesterol present in the lipid membrane could possibly play a role here as 1 O 2 is known to be able to oxidize it, forming cholesterol hydroperoxides that could thereafter oxidize DCFH 2 − . 83 Some reports have even suggested that DCFH 2 − is not at all oxidized by 1 O 2 and that all formation of DCF 2− is caused by other (secondary) ROS. 81, 82 In conclusion, despite being a nonselective probe for ROS, DCFH 2 − was the only probe available that is capable of showing the formation of ROS with negatively charged lipid-coated UCNP nanoconjugates. Although a more selective, positively charged molecular probe would be desired to assess the type of ROS produced near the bilayer coating, there is no doubt that the irradiation of UCNP@lipid/ [2] with NIR light generates a significant amount of ROS, and that the presence of ruthenium complex [2] 2+ was essential for this ROS production.
■ CONCLUSIONS
In this work, we have shown that the exchange of one of the bpy ligands in [Ru(bpy) 3 ] 2+ -type complexes by a 5,6alkylether-modified phen ligand, as done in [2] (PF 6 ) 2 , does not significantly alter the UV−vis absorption spectrum, nor does it reduce the phosphorescence or singlet oxygen generation quantum yield of complex [2] (PF 6 ) 2 when compared to [Ru(bpy) 3 ]Cl 2 . However, the exchange of the bpy scaffold for the phen scaffold in the sterically strained complex [1] (PF 6 ) 2 does have serious implications for the selectivity and efficiency of its photosubstitution reaction, as it results in the nonselective expulsion of one of the three bidentate ligands and a low photosubstitution quantum yield. Unfortunately, this effect makes complex [1] (PF 6 ) 2 unsuited for PACT in a nanoparticle-based application.
On the other hand, the synthesis of the UCNP@lipid/[2] nanoconjugate shows that it is possible to use phospholipid coating for the functionalization of UCNPs with ruthenium complexes such as [2] 2+ . A stable, water-dispersible nanoconjugate free of excess lipids was obtained by two centrifugal washing steps. Energy transfer from the excited-state Tm 3+ ions to the ruthenium complex was observed, although the efficiency was rather low. Potential causes of the limited Langmuir Article energy transfer efficiency may be found in the relatively large distance between the two components (5−26 nm), which strongly limits FRET efficiency, even when the spectral overlap between the upconverted emission of the UCNP and the absorption of the ruthenium complex is excellent. Recent work by Muhr et al. suggests that a reduction of the particle size to ∼20 nm could dramatically increase the FRET efficiency. 84 Another question is related to the supramolecular nature of the surface coating, which does not fully shield the UCNP surface from undesired quenchers, such as water. Protection of the UCNP surface from these quenchers is possible with the help of an undoped NaYF 4 shell layer on the outside of the particle, 60 but this comes at the price of a further increase in the distance between the Tm 3+ and Ru 2+ ions.
Despite the low efficiency of energy transfer, which limits the applicability of nanoconjugate UCNP@lipid/ [2] in vivo, it has shown to produce measurable quantities of ROS under irradiation with a 969 nm laser, making it the first example of a ruthenium-based UCNP system for PDT. Determination of the type of ROS produced by the nanoparticle system was severely hindered by the lack of neutral or positively charged, water-soluble, chemical probes for the selective detection of ROS. The ADMBMA 4− probe is too negatively charged to approach the negatively charged surface of the lipid bilayer of UCNP@lipid/[2] and thus not able to detect any of the shortlived singlet oxygen that may be produced at this surface. On the other hand, the DCFH 2 − probe, the oxidation of which clearly indicates that the production of ROS by UCNP@lipid/ [2] does occur, is not selective toward a specific type of ROS and most likely reacts with secondary ROS that has a longer lifetime than 1 O 2 . Singlet oxygen sensitizer green is a relatively novel commercial probe for the selective detection of 1 O 2 , but it is too negatively charged and suffers from its own issues with regard to photostability and light-induced self-activation. 85 Overall, the development of a selective, water-soluble probe for reactive oxygen species remains an open research challenge, not just in the field of nanoscience but also in the field of cell biology.
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